Abstract-The generation of alternate multiwavelength pulse trains in an actively mode-locked erbium-doped fiber laser containing an unbalanced Mach-Zehnder interferometer is analyzed using numerical simulations and a theoretical Gaussian pulse analysis. The results obtained allow the interpretation of recent experimental results reporting multiwavelength pulse laser operation and provide a clear physical description of the operation of the multiwavelength laser. Furthermore, the analysis and modeling also provide guidelines for experimental design.
I. INTRODUCTION
T HE NEED to increase long-haul network performance has led to intense interest in multiwavelength pulsed laser sources around 1550 nm. Recent research has reported successive pulse train generation at different wavelengths [1] - [3] with these sources expected to find applications such as optical code-division multiple-access networks [4] and photonic analog-to-digital conversion [5] .
Recently, we proposed a technique to generate successive pulses at different wavelengths using an actively mode-locked erbium-doped fiber laser where an intracavity unbalanced Mach-Zehnder interferometer (UMZI) was used both as an intensity modulator (IM) and a tunable filter, resulting in a new mode-locking mechanism [6] . While similar experimental ideas have recently been reported [7] , no detailed theoretical basis for its operation has to date been developed. In this letter, we present both a numerical study of such a multiwavelength source and a complementary steady state Gaussian pulse analysis. As well as providing important physical insight into the laser operation, our results permit a qualitative comparison with the experiments in [6] and provide some useful guidelines for experimental design. Fig. 1 shows the laser cavity which contains an erbium-doped fiber amplifier (EDFA), a polarization controller, a output coupler, and a UMZI, with a fixed optical path difference of 40 m between its two arms. With no modulating signal, the UMZI acts as a spectral filter of free-spectral range 60 nm. When a radio-frequency signal is applied, its frequency transfer function shifts accordingly and acts as a tunable filter. For a sinu- soidal modulation signal, for a fixed wavelength, it also plays the role of IM, generating pulses via a mode-locking operation. Each wavelength sees a different temporal transfer function, leading to the alternate production of pulses at different wavelengths.
II. NUMERICAL SIMULATIONS
Numerical simulations of the laser are carried out by injecting a weak noise field and allowing it to numerically evolve to a steady state subject to the action of the various components shown in Fig. 1 . The fiber propagation is modeled using the split-step Fourier method [8] . Amplifier gain saturation is modeled as (1) where the small signal gain is 30 dB, is the mean power of the input signal and the saturation power at the EDFA input is 10 dBm. The amplified spontaneous noise of the EDFA is considered to be white and Gaussian. The EDFA gain curve is modeled by a Gaussian function of bandwidth 30 nm. Being in a push-pull configuration, the UMZI output is related to its input by (2) where is the delay introduced by the interferometer. It is assumed to be of the form , where is the modulation frequency of the UMZI. We choose to be a maximum of transmission for the filter at ( k , with an integer). The UMZI is modeled using a discretized version of (2). 6.5 ps, yielding time-bandwidth products (TBPs) of 0.72 and 0.61, respectively. The alternate multiwavelength qualitative behavior observed in [6] is reproduced. The spectral flatness could be improved by adding a gain-equalizing filter in the cavity. The multiwavelength pulsed laser operation is conveniently examined in the time-frequency domain through the pulse spectrogram [9] . Fig. 3(a) shows the spectrogram for the results in Fig. 2 . In comparison, Fig. 3(b) shows the spectrogram obtained when the gain is assumed to be infinitely flat rather than Gaussian, and we see continuous emission with varying frequency. In this case, the UMZI is the only frequency-selective element in the cavity, and thus, imposes the emitted wavelength through the evolution of the maximum of its transfer function [6] (3)
This observation indicates that the filtering action of the UMZI dominates in ensuring multiwavelength operation, but the detailed time-wavelength characteristics observed depend on the interaction of the UMZI with the particular gain profile of the EDFA. The general multiwavelength behavior observed would be expected with any continuous gain profile.
Numerical simulations were also performed with a conventional IM added in the cavity to control the pulse timing [6] . Synchronously driven at an integer multiple of the UMZI modulation frequency, it locks the emission of pulses on a temporal grid, while the central wavelength is determined by the UMZI. Fig. 4 shows simulation results after 200 loops, when the modulation frequency of the IM ( GHz) is three times the modulation frequency of the UMZI ( GHz). The other parameters are set to:
rad/s, s, s, s, and rad/s. Three series of pulses at three different wavelengths ( nm, nm, and nm) are obtained. Two successive pulses are separated by and two pulses at the same wavelength by , as expected. The pulse widths are recorded to be 1.9, 2.5, and 1.7 ps, yielding a TBP of 0.57, 0.78, and 0.51.
The numerical simulations reproduce well the qualitative behavior of the multiwavelength source that has been reported in experiments. To gain even further insight into the laser operation, a theoretical model using a Gaussian pulse analysis [10] can be used to examine the pulse characteristics at a particular operating point. This model will be compared with the experimental results obtained in [6] .
III. GAUSSIAN ANALYSIS
The steady state solution is assumed to be described by a linearly chirped complex Gaussian envelope (4) where is the complex Gaussian pulse parameter and the angular reference frequency. The pulse propagates through the EDFA, modeled as a Gaussian spectral transfer function (5) where is the gain bandwidth. At the ouput of the gain medium, the resulting pulse is (6) with (7) (8) The pulse then goes through the UMZI. Assuming a Gaussian input pulse, and since the delay introduced by the modulator is small compared to the pulse characteristic times and , the temporal transfer function of the UMZI can be approximated by a Gaussian function in the neighborhood of , and the pulse at the UMZI output can be written as (9) Here, is a transfer function valid around when the filter transmission is at midpoint of the swept wavelength range and where the chirp is maximum (10) Imposing the steady-state condition gives
The nonzero value of indicates that the pulses are chirped. The full-widths at half-maximum of the pulse in the time and spectral domain can be retrieved from and in a straightforward manner. As expected, the pulsewidth decreases when the modulation frequency increases, which is in agreement with the experimental results in [6] . We can note that if the gain medium is infinitely flat, the value for does not change, whereas becomes zero, indicating a continuous laser emission with variable frequency, as observed in simulations (Fig. 3) . By differentiating (3), we verify that both approaches are consistent s, rad/s, rad/s, s, and rad/s. The simulated pulsewidth is recorded to be 2.3 ps in the temporal domain and 310 GHz in the frequency domain, yielding a TBP of 0.71. Equation (11) predicts pulsewidths of 2.1 ps and 350 GHz, i.e., a TBP of 0.76. As expected, the produced pulses are chirped and theory and simulations are in a good agreement.
The previous theoretical analysis can be modified to incorporate the effect of the IM. In this case, the resulting pulse parameters are found to be (13) where is the modulation frequency of the IM and its modulation depth. It is interesting to notice that the addition of the IM does not change the value of , viz. of the chirp parameter, but only the value of , and thus, of the pulsewidth. This indicates that the chirp is solely due to the frequency sweeping of the UMZI.
This model can also be compared with the experimental results obtained in [6] : Three pulse trains at three different wavelengths (1543.2, 1549.6, and 1562.5 nm), each at a repetition rate of 3.8 GHz, were generated. The time traces were measured to be 24, 25, and 38 ps on the 30-GHz oscilloscope. Assuming that both the optical pulses and the detector impulse response are Gaussian, this leads to pulsewidths of 17, 18, and 34 ps and TBPs of 0.57, 0.77, and 1.65, respectively. Theory predicts 3.1-ps pulses with a TBP of 0.76. In fact, the theoretical and numerical results presented here allow us to understand the qualitative behavior observed in these experiments, and to understand the physical origin of the chirp that was reported on the experimental pulses. However, some quantitative differences remain, with the measured pulse durations being significantly longer than those predicted from our modeling. The intensities of the lasing wavelengths also differ. We attribute this difference to approximations in the gain model used for the EDFA and uncertainties in the linear dispersive properties of the various elements used in the laser shown in Fig. 1 . These specific points will require further study to obtain a quantitatively accurate model of the laser.
IV. CONCLUSION
We have numerically and theoretically analyzed the generation of time-and wavelength-interleaved mode-locked pulse trains. This laser uses a UMZI in an erbium-doped fiber ring cavity as a mode-locker and a tunable filter. Additional timing control of the emitted pulses using an additional IM in the cavity was also studied theoretically. Our analysis provides good physical understanding of the laser operation, and reproduces qualitatively results obtained in previous experiments.
